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ABSTRACT;  The  equations  relating  the  photocurrent  to  field 
strength,  intensity  of  illumination,  quantum  efficiency,  aqd 
electron  and  hole  mobilities  and  concentrations  in  semi- 
conductor crystals,  are  derived  for  the  case  v^en  both  holes 
and  electrons  are  present.  It  is  shown  that  in  contrast  to 
the  case  of  induced  conductivity  Jn  insulators,  the  measure- 
ment of  time  constant  and  of  deviation  from  Ohm’s  Law  does 
not  yield  sufficient  inforiaation  to  determine  either  hole 
' or  electron  nobility. 
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26  Jtay  1951 


The  equations  governing  photoelectric  conductivity  in  semi- 
conductors are  presented.  The  work  is  a part  of  Task  Nuraher 
N0L-Re4e-126-l-52,  a project  to  investigate  the  photocon- 
ductive  process.  The  report  is  for  information  only,  and 
does  not  reqviest  further  action. 

The  author  gratefully  acknowledges  the  guidance  of  Dr.  R.  J. 
Maurer,  who  suggested  the  investigation  and  helped  to 
clarify  many  basic  points  by  discussion  and  interpretation. 
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Table  of  Symbols 


Symbols  to  be  used  In  the  following  paper  are  defined  as 
follows: 

Subscripts 

e — electrons 
h — holes 
d — dark 
k — cathode 


Symbols 

1 — current  density  (amps/cm^) 
n — concentration  (of  electrons  or  holes)  (om^) 

▼ — mobility  — (om/seo)/(volt/cm) 

B — field  strength  — (volts/cm) 
z,a  >*•  position  coordinates 
1 — crystal  length 

^ — rate  of  eleyatlon  of  electrons  from  full  to  conduction 
* band  (om"3aeo"^  ) 

— - rate, of  recombination  of  holes  and  electrons  (cm*-^ 

^ "'>* ) 1 1 

X e,  -me  14  — electronic  conductivity  (ohm,  cm“-*-) 

X -JCe+XA  ““  total  conductivity  (ohm'^cm”^) 

TT  - time  constant  of  recombination  (sec) 
w - sohubweg  (an)  ~ mean  distance  of  travel  of  free 

electron 

jx  m quantum  efficiency  — number  of  electrons  elevated  per 
Incident  quantum  of  light 

Q > number  of  quanta  Incident  on  the  crystal  per  second 
per  cm3 
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Conditions  of  Applicability 


Assximptions  made  in  the  theory  are; 

1.  Uniform,  weak  illianination 

2.  Steady  state  conditions 

3.  Single  crystals 

4.  llonomolecular  recombination 
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FROTOELEOTRIG  CONDtrcnVITr  IN  SEMI-GONDUCTORS 
Introduotlon 

Theories  of  photooonduotiTlty  with  which  determinations 
of  electron  and  hole  nobilities  may  be  nade  hare  been  devel- 
oped for  materials  of  two  prlnqipal  types.  A theory  due  to 
Hecht  (reference  (1))  treats  the  case  of  an  insulator  in 
Which  conductivity  is  Induced,  as  by  Irradiation  or  by  elec- 
tron bombardment*  This  theory  has  been  applied  by  Moss  (ref 
erence  (2))  to  a determination  of  electron  mobilities  in  Pb6 
by  measurements  of  the  photooonduotive  time  constant  and  the 
deviation  from  Ohm's  Law. 

The  case  of  photoconductivity  in  mixed  conductors  (mate 
rials  displaying  ionic  plus  electronic  conductivity)  wes  pre 
sented  by  Stockmann  (reference  (3))*  He  showed  that  an 
application  of  the  equations  of  Hecht  to  non-insulators 
does  not  lead  to  the  correct  value  of  mobility  unless  the 
conductivity  is  purely  ionic.  This  results  from  the  fact 
that  the  amoxmt  of  deviatl(ui  from  Ohm's  Law  depends  on  the 
relative  amounts  of  electronic  and  ionic  conductivity:  for 

a pure  ionic  conductor  the  equations  of  Hecht  apply,  while 
for  a pure  electronic  conductor  no  deviation  is  to  be 
expected.  Thus  a detexmlnatlon  of  mobility  requires  a 
knowledge  of  the  relative  electronic  and  ionic  conductivity. 
No  method  of  determining  this  ratio  is  presented  in  the 
theory. 

A further  disadvantage  of  the  Stockmann  theory  is  that 
it  does  not  handle  the  case  where  both  electrons  and  holes 
are  simultaneously  present.  Ionic  conductivity  is  assumed 
to  be  Independent  of  illumination  and  coordinates,  so  the 
equations  cannot  be  applied  to  this  case  merely  by  consider- 
ing the  Ionic  conductivity  as  being  due  to  the  holes.  Be 
suggests  an  extension  of  the  fundamental  equations  to  cover 
this  case,  but  does  not  develop  the  subject. 

It  is  the  purpose  of  the  present  paper  to  develop  the 
equations  applicable  to  the  case  of  semi-conductors  in  which 
holes  and  electrons  may  be  present  simultaneously.  As  in 
Stockmann's  discussion  a monomolecular  recombination  law 
will  be  assumed,  so  that  the  limitation  of  weak  lUumlnatim 
must  be  imposed.  The  present  theory  will  present  eqMtions 
which  yield  a lower  bound  for  the  mobility,  Just  as  in  the 
case  of  Stockmann's  calculations. 
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D1RIVATI(»  or  THE  FHOTOOtJRRlNT  IftWIOW 
Ohm's  Law  in  the  differential  form 


(1)  t £ 

is  believed  to  hold  even  in  those  oases  where  the  integral 
form  does  not  hold*  If  we  ocmsider  only  absolute  values 
of  mobilities,  we  must  take  a*  positive.  Then 

we  have  without  error 

i.  ^ (nee  -h  yii  e E, 

Flnoe  the  time  constant  r represents  the  mean  time  an 
eleotron  is  in  the  excited  state,  we  may  express  the  "sohub- 
weg"  or  mean  drift  distance  traversed  by  an  eleotron,  as 

The  equation  of  continuity  of  the  total  current  in  the 
sample  under  steady  state  oonditiona,  £-o,  becomes  for 
the  case  of  a linear  conductor: 


(2) » (n«euw4r)4,cwii)|£  **•  «£(u'e  |5* «0 

under  the  assumption  that  an<^  Independent  of 

illumination  and  position* 

The  continuity  equation  for  electrons  given  in  terms 
of  the  net  source  strength  (difference  between  the  rates  of 
elevation  hn/St  and  recombination  ) in  the 

.steady  state  is 

oLu/~  ^ ^ 


or 


(3) 

To  .lialiBt*  froB  (2)  *nd  (3>  mrrlt*  (2)  *• 
= -e£(ok  »5i-  * w»eo-«.). 

Then  (3)  becomes 


(I.)  |Ss  eue£ 


b*€v% 
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>le® 

n^eu^  ■+yi^euj 


gives 


e€ 


(uj. 


or 


(5)  'i*  E #[|-  t 0 --f 
Eliminating  dh^  /^x 


from  (2)  and  (3)  yields 


= -ac 


JtL 

e dx 


_ 


Ui»  \ / Sx/ 


/ 


m^Twn 


Define 


* y 
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« 

(8)  e(^'>  - 

Under  uniform  illumination  it  is  reasonable  to  assume  that 
A is  independent  of  coordinates.  Integrating  (8)  under 
this  asounption  yields 

d^=-Ajxe(CL)  cLa. 

=-A[(>e.E)[  1^ 

~ ~A  — d.flj 

where  a*=o  represents  the  cathode  and  i 

Ek  - i/(  ). 

Integrating  (9)  over  the  full  length  of  the  sample, 


C atK 


In  a single  crystal,  uniformly  illuminated,  E(z)  should 
not  vary  seriously  with  coordinates;  it  can  thus  be  replaced 
by  its  average  value  and  taken  out  of  the  integral.  Then 


dx 


Eq  (10)  then  becomes 
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f 


(11) 


J-fecLKl  { 1^'  + ota 

^ E eiTeJ  y^eCx)  dx  - 


To  determine  n*{x)  for  these  Integrals  we  must  consider 
the  recombination  rate,  as  well  as  (5)  which  relates 
and  • For  weak  Illumination  the  number  of' 

available  holes  will  be  much  greater  than  the  number  of 
optically  excited  electrons,  and  we  may  assume  a monomolec- 
ular  recombination  law: 


while  (5)  can  be  written 

(13)  -f -^4') 


if  we  use  the  notation 


Thus 


4'  "4 


(H)  -|^  - ( ’"gy  = '^•E  T7*  0 - ) 

and  we  have 

^ ^ ^ 

d'*')  * '<*£0-4) 

« 

For  unilorra  illumination  She/^(  is  constant,  and  ifj 
may  be  assmaed  to  be  independent  of  coordinates.  (14')  ds 
then  satisfied  by 
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(15)  . Cit)s'  ■e'Wc-'*; 


or 


Vli 


+^-§7'  -rC(oe 


where  C(t)  must  satisfy  (12). 

(16)  = 2- 1^' e” 


' • f. 

U7)  C(t)  = C,e  2"  + 


- r 

g ) 


It  Is  apparent  that 


(18)  /?e  *>»«</  + ^ 


TT^  + C,  e 


-1^ 


c, 


>^e  - 

r 


XsO,  t«0 


However,  since  we  are  considering  the  steady  state  case,  we 
consider  only  time  Intervals  for  which  t >.^2T  • Then  we 

may  write 


(19)  >le(x)  «)led  + r 


it 


(-e 


rEufeTiTjy 


Integrating  this  over  the  length  of  the  sample  and  Inserting 
tne  notation  u/^  » gives 
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( 20)  eE  )<iye£<t  |(h^ + t^)dy 


M«(  » *iri  !?*■  *r-§^u^  _)] 


= eEi/g 


where 


(21)  nedeEtr^  =2y(^w )£  U- 
\7e  may  now  insert  (15)  and  (17)  into  (H)  obtaining 


(22) 


Inserting  (13),  (20),  (21)  and  (22)  into  (11)  yields 


*erC.4|^ 

On  diTldlng  throu^  by  ^ / and  making  the  approximetion 
(valid  for  weak  illumination)  we  find 

(24)  i-ij 

+ T^/®‘^‘'/<7T  (t"  w)« 
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Expansion  of  the  lntiS:aBral  gives 

(25) 


Thus  (24)  beooii»s 


,36,  ^ -A - e ) . 

> . 

Corresponding  expresib^ons  from  preceding  theories  are: 

(a)  Heoht’s  tiiesaeory  for  insulators  oontalnlng  free 
electron!: 


i'l  ) trf 


(b)  St'dckniani'u  s theory  for  mixed  conductors  contain* 
ing  freedi  lent  pons: 

(28)  ^ 

I I 

In  these  two  expresslgujaas  n Is  Identical  with  the  present 
quantity  Sr\^/St. 

Since  we  have  r«t:ttricted  ourselves  to  the  case  of  weak 
lll\amination,  we  can  ix.xscpress  the  rate  of  elevation  of 
electrons  in  terms  olti^tthe  quantum  efflcienoy  , and  Q,  the 
number  of  light  quant:  falling  on  the  crystal  per  second 
per  cm3: 


(29) 


Te®-  • Qp( 


Hence  (26)  can  be  wrllte^en 
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This  equation  gives  us  the  photoourrent  In  terns  of  illunl- 
nation  and  field  strength,  with  quantum  effloienoy,  electron 
and  hole  mobilities  and  oonocfhtrations,  crystal  size,  and 
time  constant  as  parameters.  The  photoourrent  is  plot^d 
as  Curve  1 in  Figure  1,  against  the  factor  ur^  (i 
which  is  proportional  to  field  strength. 

It  can  be  seen  from  the  equation  that  the  photocurrent 
does  not  obey  Ohm's  Law  in  the  integral  form,  so  long  as 
is  different  from  unity.  It  is  this  deviation  which  has 
been  utilized  to  determine  electron  mobility  in  insulators. 


mobility: 


The  method  of  measuring  mobility  from  these  equations 
may  most  easily  be  described  by  referring  to  (27).  The 
extension  to  (26)  and  (28)  will  then  follow  directly. 

Since  ur»rfw;(27)  can  be  rewritten  as  ^ 

This  equation  is  plotted  as  Curve  2 in  Figure  1.  The 
initial  tangent  to  this  curve  is  the  straight  line 

(32)  = e n 

shown  as  Curve  3.  Since  r,  S,  and  ^ are  all  independently 
measurable,  ir  can  be  calculated  directly  from  the  slope  of 
this  line. 

The  difference  between  (30)  and  (29)  is 

t 

(33)  f,(e)  » e ^ ^ 


Hence  if  this  difference  is  divided  by  1 and  plotted  on 
semi-log  paper  against  l/E , a straight  line  of  slope 
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will  be  obtained.  *nils  may  also  be  used  to  oaloulate  cr. 

Now  subject  (26)  or  (28)  to  this  same  series  of  opera- 
tions obtaining  (31')  through  (33*  ) * The  analog  of  (32) 
contains  too  manv  undeterMlned  coefficients  to  be  of  any 
use  to  us,  but.  that  corresponding  to  (33)  is 

( 33. ) f,(E) - E e' 


Thus  the  slope  of  log  lfi/£  ) vs.  1/B  is  (< -2^), 

of  which  i and  r may  be  Independently  determined.  Unfortu- 
nately the  value  of 


is  not  known.  Hence  cannot  be  calculated  In  this  manner. 

Photocurrent  In  a thin  film  of  PbS  at  room  tenperature 
was  measured  as  a function  of  field  strength,  to  check  the 
form  of  (30)  and  (31'),  although  the  condition  that  the 
sample  be  a single  crystal  is  not  satisfied  for  suoh  a film. 

The  film  was  irradiated  with  monochromatic  radiation 
of  2.4  microns  wavelength  at  intensity  of  1 microwatt 
per  square  centimeter.  The  ladiation  was  chopped  at  90  ops 
to  permit  a-o  amplification.  A film  having  a time  constant 
of  24  microseconds  and  an  electrode  spacing  of  O.04  ora  was 
used.  The  data  are  presented  in  Figure  2,  along  with  data 
for  PbS  at  -185°C  reported  by  Uoss  (reference  (2)).  Rather 
good  agreement  with  theory  is  seen  in  both  sets  of  data. 

A value  of  .94  cm  aeo'V^oXt  om“^  is  found  for  O-34')  tC 
at  20”c.  while  Moss  reports  a value  of  .05  cm  seo“'*-/volt  onr* 
at  -185”C,  increasing  with  temperature.  He  terms  this  an 
"effective  mobility"  of  the  layor. 
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CONCLaSIONS 


• The  e<^uetlon  relating  photoourrent  in  a semi- conductor 

to  illumination,  field  atrength,  and  crystal  parametem  such 
as  mobility,  time  constant,  and  quantum  efficiency  has  been 
derived  for  single  crystals  of  semi-conductors  containing 
both  free  holes  and  free  electrons,  for  the  case  of  weak 
illumination.  It  is  shown  that  the  photoourrent  may  not 
Obey  Ohm*  8 Law  in  the  Integral  form.  This  is  in  contrast 
to  the  case  for  semi-conductors  containing  either  but  not 
both  free  electrons  and  free  holes  which  should  obey  this 
law  (reference  (3))*  The  behavior  of^such  a semi-conductor 
also  differs  from  that  of  an  insulator  or  a pure  ionic  con- 
ductor in  that  this  deviation  from  Ohm's  Law  cannot  be  com- 
bined with  a time  constant  measurement  to  determine  the 
electronic  mobility  in  the  present  case. 


13 


t and  PhotoeonduetlTl'tgr*  Balatlw  Unite 


liroffi  npon  2U9 


Fig  2 PHOTOCUItRENT  AllD  PHOTOCONDUCTlVm , EXPERHIUHTAL 
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